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ABSTRACT: Advances in techniques for monitoring pH in complex fluids could have 
significant impact on analytical and biomedical applications ranging from water quality 
assessment to in vivo diagnostics. We developed flexible graphene microelectrodes (GEs) 
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for rapid (< 5 seconds), very low power (femtowatt) detection of the pH of complex 
biofluids. The method is based on real-time measurement of Faradaic charge transfer 
between the GE and a solution at zero electrical bias. For an idealized sample of 
phosphate buffer solution (PBS), the Faradaic current varied monotonically and 
systematically with the pH with resolution of ~0.2 pH unit. The current-pH dependence 
was well described by a hybrid analytical-computational model where the electric double 
layer derives from an intrinsic, pH-independent (positive) charge associated with the 
graphene-water interface and ionizable (negative) charged groups described by the 
Langmuir-Freundlich adsorption isotherm. We also tested the GEs in more complex bio-
solutions. In the case of a ferritin solution, the relative Faradaic current, defined as the 
difference between the measured current response and a baseline response due to PBS, 
showed a strong signal associated with the disassembly of the ferritin and the release of 
ferric ions at pH ~ 2.0. For samples of human serum, the Faradaic current showed a 
reproducible rapid (<20s) response to pH. By combining the Faradaic current and real 
time current variation, the methodology is potentially suitable for use to detect tumor-
induced changes in extracellular pH. 
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1. Introduction 
In vivo monitoring of pH is important in investigations of tissue metabolism, 
neurophysiology, and diagnostics1. Extracellular pH-sensing, though of great interest for 
cancer diagnosis and medical treatment1-4, is currently based mainly on relatively slow 
fluorescent techniques such as fluorogenic pH probes5, 6 and fluorophore-decorated 
micelles7. Moreover, although optical methods hold promise for in vivo applications, 
improvement in detection platforms is still needed.8 Other methods for in vivo 
measurement of tumor pH, including positron emission tomography (PET) radiotracers, 
magnetic resonance (MR) spectroscopy, and magnetic resonance imaging (MRI), are 
limited in sensitivity and require expensive instrumentation and exogenous and even 
radioactive indicators.8 Electrical or electrochemical devices have the potential to be 
developed for in vivo pH monitoring but they are typically based on metal and glass, 
making them fragile and bulky. Existing approaches have additional disadvantages 
including the need for frequent recalibration, excessive power consumption, and lack of 
biocompatibility1.  
Flexible field-effect transistors (FETs) based on graphene, a biocompatible9, chemically 
inert, and scalable10 two-dimensional material with high quality pH-sensing properties11-
19, are promising for monitoring pH changes in biological systems. One important 
application is in cancer research and diagnostics since tumors demonstrate substantial 
reduction in extracellular pH2, 20, 21 by 1.5 pH unit (from ~7.5 for healthy tissue to ~6.0 
for tumor) but only moderate fluctuations in sodium concentration (~ 7%)22 with respect 
to normal tissue.  However, graphene FETs are commonly operated with ~ 100 mV 
source-drain bias and ~ 400 mV liquid-gate voltage. The application of these 
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potentials/biases may complicate device fabrication, scaling, and stability; perturb the 
system under investigation; and set a power (and thus size) constraint on the device. 
Since each gate-sweep measurement requires ~100 seconds to identify the charge 
neutrality point that characterizes the pH value, the pH measurement process with a FET 
is also relatively slow and may not be suitable for real-time monitoring.  
Here we demonstrate the use of flexible graphene microelectrodes (GEs) 23 for rapid, 
bias-free pH measurement in phosphate buffer solution (PBS), ferritin solution in PBS 
(0.1 µM), and human serum. The GE fabrication process is based on scalable 
photolithographic approaches, and the measurements are conducted without using an 
external bias voltage 23, so the methodology is intrinsically low-power and minimally 
perturbative. We find that the spontaneous Faradaic charge transfer between the GE and 
PBS is modulated by the pH. The Faradaic current extracted from 5 seconds of charge 
measurement (20 times faster than graphene FETs11-19) varies systematically with the pH 
of PBS and is very insensitive to moderate fluctuations of the extracellular ionic strength 
that would be induced by a tumor (~7%). The GE response to pH is well described by a 
hybrid analytical/computational model where the electric double layer derives from an 
intrinsic, pH-independent (positive) charge associated with the graphene-water interface 
and ionizable (negative) charged groups described by the Langmuir-Freundlich 
adsorption isotherm. For the ferritin solution, we focus on the relative Faradaic current 
obtained by subtracting the baseline Faradaic current for PBS from that for the ferritin 
solution. The relative Faradaic current shows a very strong feature that we associate with 
the disassembly of the ferritin cage and the associated release of ferric ions into the 
solution. For human serum, the GE reaches equilibrium with the solution in short time 
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(~20 s) and also demonstrates remarkable performance: the Faradaic current responds 
systematically to pH in the range from 6.0 to 7.6 with high resolution (<0.2 pH unit); the 
differential current with respect to the pH flips sign and changes by ~ 150% as the pH 
decreases from 7.1 to 6.4. Together these findings suggest the suitability of the GE for 
both monitoring of biomolecular activity or protein disassembly in solution and for 
measurement of pH reduction expected for tumor extracellular fluid (1.5 pH unit)2, 20, 21 in 
vitro or in vivo. 
2. Results and Discussion 
2.1. Device Fabrication and Setup 
Inch-size graphene sheets for scalable electrode fabrication24 were synthesized via low-
pressure chemical vapor deposition on copper25, and then transferred onto a flexible 
Kapton polyimide film with a pre-fabricated array of gold contacts. An Al2O3 sacrificial 
layer was deposited onto the sample by e-beam evaporation, and then the GE structures 
were defined using photolithography and oxygen plasma etching. This was followed by 
spin-coating of a 7-µm thick SU-8 2007 (Microchem) passivation layer, which was 
patterned to define 100 µm × 100 µm wells over the graphene electrodes. (See 
Experimental Section for further details of the device fabrication) An example of as-
fabricated flexible devices is shown in Figure 1a. 
The sub-pA Faradaic current between the GEs and the solution under test was measured 
using an electrometer (Keithley 6517a) with high resolution (~ fC) and low noise (0.75 
fC/s peak-to-peak), as shown in Figure 1b. The noninverting input of the electrometer 
was initially grounded. The GE was exposed to fluid samples with various pH values. To 
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conduct the measurement, the graphene electrode was connected to the inverting input of 
the operational amplifier of the electrometer, and the charge transferred from the solution 
to graphene accumulated on the feedback capacitor Cf to provide the readout of the 
electrometer. 
2.2. Modulation of Faradaic Current through pH Variation 
First, we monitored the Faradaic charge transfer as a function of time for PBS (ionic 
strength 150 mM) as the pH was decreased from 11.2 to 2.2 and then increased back to 
7.1 (Figure 2a). For each pH value, the charge transferred from the solution to the 
graphene increased linearly with time, with the slope used to determine the Faradaic 
current 𝑖 . In contrast to gate-sweep measurements for graphene FETs, where several 
minutes might be needed to determine the shift in Dirac voltage that indicates the pH, the 
Faradaic current measurement described here was completed in less than 5 sec. The 
Faradaic current decreases monotonically with increasing pH, with excellent 
reproducibility, and minimal hysteresis (Figure 2b). For pH > 3, the Faradaic current is 
negative, i.e., electrons are transferred from the solution to the graphene. At low pH (<3), 
the Faradaic current is positive indicating that the proton concentration in the solution is 
large enough to reverse the direction of the current. The dependence of the Faradaic 
current on pH is approximately (but not exactly) linear, with a sensitivity of ~0.12 ± 0.01 
pA/pH for pH in the range 2.2 – 11.2. We get an excellent fit to the data (red curve in 
Figure 1b) using a model that incorporates the electric double layer and ionizable defect 
groups on graphene, as described in the following paragraphs.  
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The equivalent circuit model26  describing the graphene-solution interface is shown in the 
inset of Figure 2b. The interfacial capacitance 𝐶# (~ µF cm-2)27 of the graphene/solution 
interface can be ignored in the DC measurement used here, so the Faradaic current 𝑖 is 
determined by the electrostatic potential  𝜓% of the Stern plane due to adsorbed charges 
near the graphene surface and the charge transfer resistance 𝑅'(  (~ 6.7 MΩ cm2)23 
between the graphene and the ionic solution: 𝑖 = 	𝜓% 𝑅'(.	The measured sensitivity of 
the GE, 0.12 ± 0.01 pA/pH, is equivalent to 6.8 ± 0.7 mV/pH at the Stern plane, in good 
agreement with the value16 of ~ 6 mV/pH reported by others for experiments on graphene 
FETs in ionic aqueous solution using an electrolytic gate. 
The current-pH dependence can be fit quantitatively using a model where the Grahame 
equation28 is used to quantify the potential at the Stern plane associated with a surface 
charge density, 𝜎%, with two components: a constant (i.e., pH-independent) offset charge 
density and a set of ionizable defect sites in the graphene whose charge state varies with 
proton concentration through the the Langmuir-Freundlich isotherm13, 14: 
𝑖 = 	𝜓% 𝑅'(           (1) 
𝜓% = -./01 sinh67 89:;;<./0'             (2) 
𝜎% = σmax7=7>? pKa@pH exp 6A1B9 ./0 + σoff            (3) 
In Equation 2, 𝑘E is the Boltzmann constant, 𝑇 the absolute temperature, 𝑒 the electronic 
charge, 𝜖 (𝜖>) the relative (vacuum) permittivity, and 𝑐 = 150 mM the ionic strength of 
the solution. In Equation 3, σmax is the areal charge density of ionizable groups (i.e., 
graphene defects), pKa is the dissociation constant, and 𝑛 the degree of heterogeneity. 
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The parameter σoff allows for the presence of a surface charge density that is independent 
of pH. 
Combining Equation 1-3, we obtain an excellent fit to the measured current-pH 
response, where 𝜎max, 𝑛, pKa, and σoff  are the fit parameters (solid line in Figure 2b). 
The best fit value for 𝜎max is - 0.077 ±  0.005 C m-2, consistent with earlier reports for 
graphene and carbon nanotubes19, 29, 30 with values in the range from - 0.01 to - 0.08 C m-
2. The best fit value for σoff is 0.007 ± 0.002 C m
-2, which we discuss further in the 
following paragraph. The best fit values for 𝑛 = 0.24 ± 0.03 and pKa = 6.5 ± 0.1 show 
reasonable agreement with values of 𝑛 = 0.3 and pKa = 7.6 found by others for single-
wall carbon nanotubes (SWCNs) in KCl solution30. Our value for pKa is also in the range 
4.3 – 9.8 from earlier reports for ionizable groups on graphene31. 
The pH-independent areal charge density σoff characterizes an intrinsic electric double 
layer at the graphene-water interface. To provide a molecular basis for this quantity, we 
first simulated the distribution of water molecules associated with defect-free graphene in 
contact with pure water with molecular dynamics. The charge density obtained from the 
simulation was then used to calculate the potential difference as a function of distance 
from the graphene (Figure 2c).   (See Simulation Section for details.) At the graphene 
surface, a potential of Φ = +360 mV is calculated relative to bulk water. Excess hydrogen 
density compared to oxygen density close to the graphene surface (z < 0.3 nm) leads to 
the positive potential. Considering the double-layer capacitance at the graphene-solution 
interface, ~ 1.3 µF cm-2 (assuming the hydrogen-graphene distance of 0.12 nm), 32 the 
corresponding charge density is approximately 0.005 C m-2, in good agreement with the 
value of σoff inferred from the experiment (0.007 ± 0.002 C m
-2).  
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2.3. pH Response of Graphene Electrode to Complex Biofluids 
Building on this understanding of GE operation in an idealized PBS sample, we 
conducted experiments to explore the use of GEs in more complex biological solutions. 
As a first step, we used a GE to measure the Faradaic current as a function of pH in a 0.1 
µM equine spleen ferritin (Sigma Aldrich F4503) solution in PBS. Ferritin is a globular 
protein complex of 24 subunits found in most tissues and in serum (pH ~ 7.0) that stores 
iron oxide and releases it in a controlled fashion. Ferritin is known to disassemble and 
release the stored iron ions for pH  below ~ 2.0 33, with partial disassembly beginning to 
occur for pH below 4.2 34. Since kapton degrades at low pH below 2.0 35, the GEs for this 
experiment were fabricated on oxidized silicon substrates. First we measured the Faradaic 
current for the ferritin solution as a function of pH over the range 1.0 – 7.0, and then we 
conducted the same measurement for a pure PBS solution to determine a baseline 
response (data not shown). The pH of all solutions was adjusted in steps of ~ 1.0 pH unit 
by adding 150 mM hydrochloride acid solution. 
In order to observe the signature of ferritin disassembly, we focused on the relative 
Faradaic current (Figure 3), obtained by subtracting the baseline Faradaic current for PBS 
from that for the 5 µM ferritin solution. The relative Faradaic current increases abruptly 
at pH near 2.0, exactly in the range where ferritin disassembles and positively charged 
iron ions enclosed in the intact globular ferritin 24-mer are released. Furthermore, there is 
a noticeable increase in the relative Faradaic current in the pH range 2.0 - 4.0, in 
agreement with the expectation that partial disassembly of horse spleen ferritin occurs in 
this range.34 Thus the pH dependence of the relative Faradaic current for the ferritin 
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solution, although not analytically interpretable, is a sensitive probe of biomolecular 
processes that substantially change the electrostatic environment of the GE. 
To test the GE performance in a complex human bio-fluid, we investigated its response to 
pH changes in a sample of human serum (ThermoFisher) diluted with PBS to bring it to 
physiological ionic strength ~ 150 mM. The pH range tested was 6.0 (typical 
extracellular pH for a tumor) to 7.6 (typical for normal tissue), which covers the range of 
pH variation that can be induced by non-metastatic/metastatic tumor.2, 20, 21 The GE 
Faradaic current was measured over the same pH range in PBS at ionic strengths of 
139.5mM, 150 mM, and 160.5 mM (Figure 4a), corresponding to the variation ionic 
strength expected in extracellular fluid (~7%)22. Over the relevant pH range, the Faradaic 
current varied by nearly 0.3 pA (~ 45%), with an estimated pH resolution < 0.2 pH unit 
and sensitivity of 0.144 ± 0.0098 pA/pH. For fixed pH, the variation of Faradaic current 
over the range of ionic strengths tested was only 0.01 – 0.02 pA, more than an order of 
magnitude smaller.  
For human serum, the Faradaic charge transfer (Figure 4b) had a more gradual time 
dependence than that for PBS (Figure 2a). The variation of the GE Faradaic current with 
time in serum was well described by simple relaxation with a single time constant 𝜏 to a 
constant value that we term the steady-state Faradaic current (Figure 4b). At a pH of 
7.60 (Figure 4b,c), the time constant was  𝜏 = 3.81 ± 0.09 s, and over the range of pH 
tested, this time constant varied by ± 0.5 s. This relaxation time is presumed to reflect 
equilibration processes such as non-specific adsorption of organic and inorganic 
components in human serum36 onto the graphene surface, in rough agreement with earlier 
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reports of the saturation time scale for non-specific adsorption of protein onto graphene 
(~ 30 s) measured with graphene FETs12.  
The magnitude of the Faradaic current measured in serum (Figure 4d) is smaller by 0.1 – 
0.4 pA over the whole pH range than that for PBS. The reduced current magnitude is 
ascribed to the inhibition of electronic communication to the GE by biomolecules 
adsorbed onto its surface 37, 38.  
The differential current with respect to the pH ∆𝐼/∆[𝑝𝐻] can be derived from the 
current-pH response (Figure 4a), with results shown in Figure 4d. The differential current 
response shows two different behaviors over the tested range: it is positive for pH 6.1 to 
6.6 (saturating at ~ 0.47 pA/pH), and it is negative for pH 6.6 to 7.6 (saturating at ~ -
0.23pA/pH) with an abrupt transition at pH ~ 6.6. Since tumor development almost 
exclusively leads to acidosis with very rare exceptions,39 tumor-induced pH decrease will 
result in either Faradaic current reduction in the pH range of 6.1 to 6.6 or increase in the 
range of 6.6 to 7.6 (Figure 4e). Thus for tumor diagnosis, the range of the pH can be 
determined from the current variation and further the pH can be identified based on the 
current-pH response.  
 
3. Conclusion 
In summary, we have demonstrated the use of flexible graphene microelectrodes for 
monitoring of pH in idealized and complex bio-solutions, specifically PBS, 5 µM ferritin 
solution, and human serum. The measurement signal is the zero-bias, sub-pA Faradaic 
current between the GE and the solution, making this a low-power, minimally 
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perturbative approach. For PBS, the variation of the current with pH can be understood 
quantitatively in a model where the current reflects the potential of the Stern layer, which 
is derived from an intrinsic (positive) charge associated with the graphene-water interface 
and ionizable (negative) charged groups whose density is described by a Langmuir-
Freundlich adsorption isotherm. The charge density intrinsic to the graphene-water 
interface derived from the model is in excellent agreement with that found via molecular 
dynamics simulation. For the ferritin solution, the relative Faradaic current, compared to 
a PBS baseline, shows a strong feature at pH ~ 2.0, reflecting the disassembly of the 
ferritin cage and release of iron atoms. For human serum, the microelectrode rapidly (~ 
20 s) reaches equilibrium with the solution. The Faradaic current and the current variation 
together can be used for identifying pH changes on the scale of that induced by a tumor. 
This electrode-based technique is therefore potentially suitable for use as a miniature 
portable or implantable pH-sensor for early-stage cancer diagnosis. 
4. Experimental Section 
Graphene growth Copper foil (99.8% purity) was loaded into a four-inch quartz tube 
furnace and annealed for 30 minutes at 1050 °C in ultra-high-purity (99.999%) hydrogen 
atmosphere (flow rate 80 sccm; pressure of 850 mT at the tube outlet) for removal of 
oxide residues. Graphene was then deposited by low-pressure chemical vapor deposition 
(CVD) using methane as a precursor (flow rate 45 sccm, growth time of 60 min).  
Graphene device fabrication Contacts (5 nm/40 nm Cr/Au) were pre-fabricated by 
photolithography on the device substrate (either a Kapton film or an oxidized silicon 
wafer). The graphene/copper growth substrate was coated with a 500 nm layer of 
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poly(methyl methacrylate) (PMMA; MicroChem). The PMMA/graphene/copper trilayer 
was immersed in a 0.1 M NaOH solution and connected to the cathode of a power supply 
so that the PMMA/graphene bilayer was peeled off the copper substrate by hydrogen 
bubbles generated between the bilayer and the copper. After thoroughly rinsing with DI-
water, the PMMA/graphene bilayer was transferred onto the contact array on the device 
substrate. After the removal of PMMA with acetone, the film was annealed on a hot plate 
at 200 °C for 1 hour under ambient conditions.  
A 5 nm Al2O3 sacrificial layer40 was deposited onto the graphene by e-beam evaporation. 
Photolithography (AZ 5214 E, Microchem) was then used to define 100 µm x 100 µm 
graphene electrodes; the AZ MIF developer also removes the Al2O3 sacrificial layer, so 
unwanted graphene material could then be etched with an oxygen plasma. Next a 
passivation layer of 7-𝜇m thick photoresist (SU-8; MicroChem) was spin-coated onto the 
sample, and windows were defined at the locations of the graphene electrodes.  Finally, 
the Al2O3 sacrificial layer graphene electrodes was removed with AZ 422 MIF and the 
whole as-fabricated film was hard-baked at 200 °C on a hotplate for 2 hours. 
Biosample preparation Equine spleen ferritin (Sigma Aldrich F4503) samples were 
prepared at 0.1 µM concentration in full PBS solution (ionic strength  150 mM). 
Delipidated and dialyzed human serum (ThermoFisher  31876) was diluted by 1.73 times 
in DI-water, resulting in ionic strength of ~ 150 mM. The pH for solutions of ferritin or 
human serum was adjusted by adding diluted chloride acid or sodium hydroxide solution. 
5. Simulation Section 
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The simulations consisted of two sheets of graphene, generated by the Nanotube Builder 
plug-in of the Visual Molecular Dynamics software (VMD)41, separated by 20 Å each in 
contact with atomistic water molecules. Periodic boundary conditions were used and the 
graphene sheets were positioned parallel to the x-y plane. The x-y dimensions of a 
periodic rectangular box were selected such that each sheet and its images formed a 
defect-free, continuous sheet of graphene. Each sheet had dimensions of 50.348 Å by 
45.376 Å.  The pair of parallel sheets was centered within the box in the z-dimension, and 
the distance between the two sheets was 20.000 Å.  Each sheet contained 924 carbon 
atoms, the positions of which were constrained throughout the simulation. Water 
molecules were added with VMD’s Solvate plug-in.  Water was present above and below 
the sheets with a vacuum between them.  The initial dimensions of the box were 51.577 
Å by 46.794 Å by 119.942 Å and the system contained a total of 7153 water molecules.  
The simulations were carried out in the NPT ensemble at 300 K and 1.0 atm. The area of 
the periodic box in the x-y plane was held constant, and the cell length in the z direction 
was allowed to vary.  The CHARMM3642-44 force field parameters were used with the 
NAMD software package45. The water model was the three-site TIPS3P model46-48.  The 
charge on each hydrogen atom is + 0.417e and - 0.834e on each oxygen atom, where e is 
the elementary charge. Bond distances in water molecules were constrained using the 
SHAKE algorithm49. Temperature was controlled with a Langevin thermostat with a 
damping coefficient of 1.0 ps-1. Pressure was controlled with a Langevin piston barostat50, 
51 with a period of 200 fs and a damping time of 100 fs. The particle mesh Ewald method 
was used to calculate long-range electrostatics beyond 14.0 Å, with a grid spacing of 1.0 
Å.   A 2 fs time step was used. The system was minimized for 20,000 steps, then heated 
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incrementally to 300 K in steps of 5 K and 50 K over 160 ps. The system was 
equilibrated for 200 ps, then run for 10 ns, with configurations sampled every 1 ps. For 
each configuration, the charge density of the water molecules was calculated as a 
function of distance from the plane containing the carbon atoms of graphene.  
The electric potential (ϕ) as a function of distance from graphene (z) was calculated from 
the charge density (ρ) using the Poisson equation52, 53: 
𝑑-𝜙(𝑧)𝑑𝑧- = −𝜌(𝑧)𝜀>  
where ε0 is the vacuum permittivity, 8.854 × 10-12 C m-1 V-1 (F/m) or 5.526 × 10-5 e nm-1 
mV-1. This equation is integrated twice under the boundary conditions that electric field 
and potential are zero in bulk, to give   
𝜙 𝑧 − 𝜙(𝑧>) = 	− 1𝜀> 𝑑𝑧′ 𝜌 𝑧′′ 	𝑑𝑧′′^_< 	
_
_<  
= − 1𝜀> 𝑧 − 𝑧`__< 𝜌 𝑧` 𝑑𝑧′ 
where the final expression is obtained using integration by parts. The bulk, reference 
value of z0 used was 4.4 nm.  
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Figure 1. a Graphene electrode devices on a flexible polyimide substrate. b Schematic of 
the device and the measurement configuration. 
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Figure 2. a Real-time Faradaic charge transfer for phosphate buffer solution of various 
pH values. The solid lines are linear fits to the data. b The Faradaic current extracted 
from a as a function of the pH. The starting pH was 11.2. The Faradaic current was 
measured as the pH was decreased to 2.2 (solid symbols) and then increased to 7.1 (open 
symbols). The solid curve is a fit to an equation derived from Equations 1-3 in the main 
text. Inset: Equivalent circuit for the graphene-solution interface. c Molecular simulations 
were used to calculate electrostatic potential Φ(z) (black) and densities of water hydrogen 
atoms (blue) and water oxygen atoms (red) as functions of z, the distance from the plane 
containing the graphene carbon nuclei. The densities of oxygen 𝜌O and hydrogen 𝜌H are 
presented relative to the bulk values for these quantities, 𝜌O,bulk and 𝜌H.bulk. Superimposed 
on the figure are space-filling representations of graphene (green) and representative 
configurations of water molecules at three different orientations and distances relative to 
the graphene surface; graphene and water molecules are rendered on the scale of the 
abscissa (z). 
 21 
 
Figure 3. pH-dependence of the relative current for the ferritin solution, defined as the 
difference between the Faradaic current for the ferritin solution and the baseline current 
for PBS. 
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Figure 4. a Faradaic current for human serum sample diluted to ionic strength of 150.0 
mM (solid circles) and for phosphate buffer solution (PBS) as a function of pH in the 
physiological range. PBS measurements were made at ionic strength values of 139.5 mM 
(hollow squares), 150.0 mM (solid squares), and 160.5 mM (hollow triangles). The red 
curve is a linear fit to the PBS data. b, c Time-dependence of the Faradaic charge transfer 
(panel b) and Faradaic current (panel c) for human serum at pH = 7.60. The red curves in 
b and c are fits to a model where the Faradaic current is described by a single relaxation 
time. d Differential current with respect to pH calculated based on the current response to 
serum in a. 
 
 
